Salmonella is a leading cause of food borne illness and poses a major public health 23 problem worldwide. Two type III secretion systems (TTSSs) are responsible for the 24 delivery of a series of bacterial effectors into the infected cells to reprogram host cell 25 functions to promote bacterial invasion and intracellular survival/replication. Nearly half 26
Introduction 54
Salmonella enterica Serovar Typhimurium (S. Typhimurium) is a Gram negative, 55 facultative intracellular bacterium that causes food borne illness and poses a major 56 public health problem worldwide. S. Typhimurium possesses an arsenal of genes that 57 are essential to establish a successful infection within the host. Many of the virulence 58 traits of S. Typhimurium are directly linked to genes encoded within large regions of the 59 bacterial chromosome titled Salmonella pathogenicity islands (SPIs). Two type III 60
Bacteria Invasion and replication Assays 150
Salmonella infections of HeLa cells were carried out as previously described (34) . 151
Briefly, Salmonella were cultured to an optical density of 1.0 (600 nm) in LB broth 152 supplemented with 0.3 M NaCl at 37°C. Bacteria were then added to HeLa cells at an 153 MOI of 10 and incubated for 15 min at 37°C in 5% CO 2 . After a defined period of 154 incubation, infected cells were washed twice with phosphate-buffered saline (PBS) to 155 remove extracellular bacteria and incubated further in DMEM containing 10% fetal 156 bovine serum and 16 μg of gentamicin ml −1
. At different time points after gentamicin 157 treatment, infected cells were again washed three times in PBS and lysed with 1% Triton 158 X-100 and 0.1% sodium dodecyl sulfate (SDS). Cell lysates were then serially diluted 159 and plated on selective medium to assess bacterial counts. 160
Intracellular survival and replication in macrophages were carried out as previously 161 described (25, 33, 35) .
Briefly, macrophages were grown in 24-well plates 162 (approximately 5×10 5 cells/well) for 24 hours. Bacteria were cultured in LB at 37°C to 163 early stationary phase and the OD600 was adjusted to 0.1. The bacteria were 164 opsonized in DMEM containing 10% normal mouse serum 165 Woodland, CA) for 20 minutes at 37°C. Opsonized bacteria were used to infect J774 166 macrophages at an MOI of 10. Bacterial attachment and infection was enhanced by 167 centrifugation at 500xg for 5 minutes. Infected macrophages were incubated further for 168 30 minutes at 37°C in 5% CO 2 . The macrophages were then washed twice with PBS to 169 remove unbound bacteria and DMEM containing 10% FBS and 16 μg ml -1 gentamicin 170 were added to the infection mixture. Two and twenty four hours after gentamicin 171 treatment, infected macrophages were washed three times in PBS and lysed with 1% 172
Triton X-100 and 0.1% SDS. Samples were then serially diluted and plated on selective 173 media to enumerate the intracellular bacteria. The extent of replication was then 174 determined by dividing the number of intracellular bacteria at twenty-four hour by the 175 number at two hours. The data are the averages of three experiments performed in 176 triplicate. 177
Competitive infection in the mouse model 178
Wild-type and mutant Salmonella strains were grown overnight at 37°C in LB with proper 179 aeration. Overnight bacterial culture was inoculated in fresh LB media containing 0.3M 180 NaCl to an optical density of 1.0 (600 nm) at 37°C. At this point, the bacterial number 181 was determined by serial dilution and plating on LB plates containing Streptomycin. 182
Serial dilutions were then made in PBS to achieve the proper bacterial concentration for 183 inoculation into the mice. Each mutant strain was mixed 1:1 with the wild-type SL1344 184 reference strain, and 200μL of the mixture were injected intraperitoneally into 6-to 8-185 week-old female BALB/c mice with the indicated inoculum. Two days after infection, 186 mice were properly sacrificed, and their spleens and livers were harvested. Spleen and 187 liver samples were homogenized and suspensions were serially diluted and plated on LB 188 supplemented with streptomycin or streptomycin and kanamycin to enumerate bacterial 189 numbers. The mutant strains are kanamycin resistant, which could grow on both plates Strains expressing effector-TEM1 fusion proteins that gave more than 5% of blue cells 231
were retained for further analysis. Out of the 383 putative effectors, 22 were 232 translocated into host cells (Fig. 1) . To further confirm their translocation, the 22 233 effectors identified by the TEM1 assays were translationally fused with the CyaA tags 234 (40-42). Similarly, infections were carried out with Salmonella carrying plasmids 235 expressing the effector-CyaA fusions and the translocation efficiency was determined by 236 measuring cellular cyclic AMP(cAMP) levels (40, 42). Out of the 22 putative effectors, 237 17 showed significant increase in cAMP levels when compared to the negative controls 238 (Fig. S1 ). Further analysis indicated that STM3077 (YggG) is a putative Zn-dependent 239 metalloprotease that contains the conserved HEXXH motif (Fig. 2) . 240
YggG is cytotoxic to mammalian cells 241
Salmonella effectors are translocated into the infected host cells where they exert their 242 effects by modulating the host cell function, such as the actin cytoskeleton 243 rearrangements, and the inflammatory responses. The pathogens usually maintain a 244 balance of these functions to avoid detrimental effects, such as cell death, during 245 infections. However, when these effectors are artificially overexpressed, some of them 246 are cytotoxic to the mammalian cells. Thus, we overexpressed the 22 effectors in 247 mammalian cells and examined them for toxicity. One of the newly identified effector 248
YggG was toxic to mammalian cell upon overexpression. Cells transfected with GFP-249
YggG detach from the plate surface and round up (Fig. 3A) , typical of cytotoxicity. To 250 quantitatively measure the cytotoxicity induced by GFP-YggG overexpression, the 251 lactate dehydrogenase (LDH) release assay was performed according to manufacturer's 252 instruction. Overexpression of the wild type GFP-YggG resulted in an increase in LDH 253 release 24 hours post transfection (Fig. 3B) . To test whether the putative Zn-dependent 254 metalloprotease is required for the observed cytotoxicity, a GFP-YggG E131C mutant (point 255 mutation in the conserved HEXXH motif) was constructed and similarly overexpressed 256 as described above. The overexpression of the GFP-YggG E131C resulted in much 257 reduced cytotoxicity comparing to that induced by the wild type GFP-YggG (Fig. 3B &  258   3C ). These data further validated YggG's cytotoxicity to mammalian cells and its 259 protease activity is responsible for the cytotoxic phenotype. 260
YggG does not affect Salmonella invasion and replication in vitro 261
Entry of Salmonella into epithelial cells is an important virulence trait and one of the first 262 steps to initiate Salmonella infection. With the help of various effector proteins, 263
Salmonella actively manipulates host cell actin dynamics to promote the engulfment of 264 the bacterium. To determine if YggG is necessary for bacterial invasion, HeLa cells were 265 infected with the wild type or yggG mutant strain for 30 min at 37°C, and the Salmonella 266 invasion efficiency was analyzed using an inside-outside staining assay. The invA 267
(deficient in SPI-1 function) strain was used as a negative control. The invasion 268 efficiency of the yggG mutant strain was similar to that of the wild-type strain (Fig. 4A) . 269
This result suggests that YggG is not necessary for Salmonella invasion. Following 270 entry into infected cells, the bacteria must survive and replicate within macrophages in 271 order to cause systematic infections. To test the ability of the yggG mutant strain to 272 survive and replicate within macrophages, a gentamicin protection assay was performed 273 using macrophage cell line J774. The ssaV (deficient in SPI-2 secretion) mutant strain 274 was used as a negative control. As shown in Fig. 4B , the yggG mutant strain replicated 275 to a similar degree as that of the wild-type strain, suggesting that YggG does not directly 276 affect the survival/replication of Salmonella in J774 macrophages. 277
YggG contributes to Salmonella virulence in mice 278
Salmonella Typhimurium causes typhoid-like disease in mice, the mouse model of 279 infection has been used to study acute Salmonella infections. Despite the fact that CI values were then calculated as described previously (36, 37). Our data showed that 291 the CI of ∆yggG is significantly lower than 1 (Fig. 4C & 4D , with a chromosomal point mutation in the conserved 295 HEXXH motif, carrying the kanamycin resistant gene.
When tested using the 296 competitive index assay described above, the yggG E131C strain is attenuated in virulence 297 similar to that of the ∆yggG null mutant strain. To further make certain that the 298 attenuated virulence observed was indeed due to YggG, complementation experiment 299 was carried out by introducing a plasmid harboring wild type yggG into the yggG E131C 300 strain (yggG E131C +pyggG). Our data showed that the introduction of the wild type yggG 301 restored the virulence defect of the yggG E131C strain (Fig. 4C & 4D) . 302
Discussion 303
Salmonella ensures its colonization and proliferation in the host by secreting an array 304 of effector molecules that modulate various cellular functions. The identification and 305 characterization of these effector proteins are crucial to advance our understanding of 306 Salmonella pathogenesis. Despite the progress in identifying a number of key effectors 307 and in dissecting their biochemical and cellular activities, the molecular mechanisms of 308
how Salmonella modulate host cell trafficking and facilitating subsequent replication 309 remain largely unknown (43-45). Although many of these functions are known to be 310 conferred by the Salmonella TTSSs, effectors that are responsible remain elusive. For 311 example, the delayed macrophage cytotoxicity (21) and the avoidance of oxidative 312 burst (17, (22) (23) (24) during Salmonella infection has not been understood. 313
It is known that type III secreted effectors do not share sequence similarity and are 314 difficult to predict based on their amino acid sequences (30). Many experimental 315 approaches have been developed to identify secreted effectors in Salmonella. Geddes 316 et al. (2005) introduced the mini-Tn5-cycler to the Salmonella chromosome to generate 317 translational fusions to the CyaA reporter enzyme. Putative effectors were identified 318 based on cAMP levels in infected cells (17). They successfully found three new 319 effectors and seven that have been previously reported. Choy et al (2004) identified 320 novel Salmonella effectors by comparing Salmonella proteins to known secreted 321 proteins from enterohemorrhagic Escherichia coli and Citrobacter rodentium (46) . 322 Niemann et al performed a proteomic analysis and identified effector proteins secreted 323 into defined minimal medium under SPI-2 TTSS conditions (47). As a result, they 324 identified 12 candidate SPI-2 effector proteins many of which were shown to be 325 required for full Salmonella virulence in mice. Six mutants were significantly attenuated 326 for spleen colonization. In addition, Cheng et al have recently identified a novel SPI-1 327 effector, SopF that is required for Salmonella virulence in mice using a similar 328 proteomic approach (48). 329
In this study, we performed a large-scale screening of Salmonella novel effectors with a 330 focus on unknown function proteins in the Salmonella genome. We coupled the power 331 of the bioinformatics predictions with experimental protein translocation reporter assays 332 to identify novel Salmonella effectors. Among the 383 putative effector proteins 333 screened, we identified 22 novel effectors that are translocated into host cells during 334 Salmonella infection using a β-lactamase protein translocation reporter assay. 335 Interestingly, one of them was reported to be a type III effector by another group (17). 336
Among the newly identified effectors, one of the effector YggG induces host cell death 337 upon overexpression, suggesting YggG affiliated with properties that are responsible 338 for the cytotoxicity. Further experiment showed that the protease activity of YggG is 339 responsible for the cytotoxic phenotype. Moreover, the protease activity of YggG was 340 found to be essential for Salmonella virulence in the mouse infection model. 341
Many proteases are known to be involved in Salmonella virulence (49-55). The lon 342 protease has been shown to negatively regulate the efficiency of invasion of epithelial 343 cells and the mutant was attenuated when administered either orally or 344 intraperitoneally to mice. It was also shown that the lon-deficient mutant strain failed to 345 survive and grow in macrophages (49, 54, 55) . The ClpXP protease was proposed to 346 suppress macrophage apoptosis by regulating the expression of SPI-1 and flagella 347 (56). Moreover, host proteases, such as caspases are also known to play important 348 roles during Salmonella infections (51, 53, 57) . 349
Although cell culture models have been widely used to study Salmonella invasion and 350 survival, animal infection models are often irreplaceable due to their intricate immune 351 systems (58-62). Our study has demonstrated that YggG and its protease activity are 352 required for Salmonella virulence in the mouse infection model. Surprisingly, no 353 detectable roles in invasion into epithelial cells and no effect on the survival and 354 replication inside cultured macrophages.
Salmonella infection involves multiple 355
processes in which the bacteria encounter and compete in order to survive and replicate. 356
In addition, Salmonella has to gain a growth advantage over the intestinal microflora 357 while inducing inflammation in the gut (63) (64) (65) (66) and bacteria loads were enumerated. The C.I. were calculated as described in the 616 methods. Each symbol represents a mouse, and horizontal bars correspond to the 617 means. A one-sample t-test was used to determine whether a value was significantly 618 different of one. 619 Fig. S1 . Translocation of Salmonella putative effector proteins fused with CyaA. S. 620
Typhimurium strain SL1344 expressing the CyaA fusions were used to infect HeLa cells. 621
The cAMP levels of infected cells was determined. SipA-CyaA fusion was used as 622
